Abstract. In this paper, a two-dimensional ablation heat transfer model with moving boundary is established for the ablation heat transfer process. The transient temperature field and surface ablation rate of the model were numerically calculated by finite element method and moving mesh technology. The relationship between the ablation rate of the node on the ablation moving boundary and the external heat flux of the boundary was qualitatively analyzed. The calculation results show that the calculation of two-dimensional ablation heat transfer model with finite element and moving mesh technology has good stability and convergence.
Introduction
Ablation heat transfer process exists in many fields such as aerospace, welding, laser drilling, surface treatment of metal materials [1] [2] . In the process of designing the ablation thermal protection system, not only the surface ablation rate, the ablation volume change, but also the temperature field in the protective layer and the thermal stress should be considered. The mechanism of ablation heat transfer [3] shows that the surface temperature of the material surface is gradually increased, when the material surface is heated, and if the surface temperature reaches a certain temperature, the complex physical and chemical reactions such as pyrolysis, melting, gasification and sublimation will occur on the surface material, resulting in changes the surface shape of the ablation material. For the numerical simulation of heat transfer in ablation, there are many studies both at home and abroad. Literature [4] provides a method to calculate heat transfer of one-dimensional ablation using Landau coordinate and finite volume method. Reference [5] used one-dimensional ablation model to investigate and calculate the internal temperature field of pyrolytic carbonized materials; the literature [6] [7] used finite volume method and finite difference method respectively for the two-dimensional pyrolysis ablation model for internal temperature field numerical calculation
In this paper, a two-dimensional ablation heat transfer ablation model was established based on carbonized composite materials. Ablation rate, surface shape and internal thermal response of the model are numerically calculated simultaneously by finite element method and moving mesh technology.
Two-dimensional Ablation Heat Transfer Mathematical Model
For the two-dimensional ablation heat transfer system as shown in figure 1 , the following simplified conditions are introduced (1) . The original material layer is close to the ablative material layer, and the contact heat resistance between the two is neglected. (2) When ablation occurs, the surface material is directly gasified into a gaseous state. (3) In the ablation stage, the temperature of the ablation boundary is equal to the ablation phase temperature of the material. As shown in Figure 1 , the control equation and boundary conditions of two-dimensional ablation heat transfer process are as follows:
Control equation:
Initial conditions:
( , , )
The energy balance equation on the moving ablation boundary:
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Where ( , , ) T x y t is the temperature distribution of the ablative material; ρ is the density of the ablated material in kg/m3; λ is the thermal conductivity of the material, W/(m.K); C p is the specific heat capacity ; 0 ( , , ) T x y t is the initial temperature distribution; ( , ) Q x t is the external heat flux applied at the boundary; H AB and T AB are the latent heat and temperature of the phase transition of the ablative material respectively; ( , , ) AB M x y t and ( , , )
x y t ν are the mass ablation rates of material and moving speed on the moving boundary at time t. 
Moving Mesh Technology
It is difficult to get an ideal result with fixed mesh for systems with moving boundary. As a result, moving mesh technology [8] [9] is applied in this problem. As shown in Figure 2 ,For grid notes on the moving boundary, the displacement vector = ( , , )
x y t t δ ν ∆ .while for the inteenal grid notes, as shown in Figure 2 , when the mesh is in static equilibrium, the resultant force of the node i by the adjacent node j can be get by Hooke's law:
Therefore, when the system is in static equilibrium and the ablation boundary has move ( , , )
x y t δ , the new position of the grid notes internal can be got by solving the Eq. 2:
Where k ij is the elastic coefficient between the nodes, 
The Finite Element Method
In this paper, finite element method is used as a numerical method to solve the two-dimensional ablative thermal response model. Firstly, the governing equations and boundary conditions are coupled to the temperature variable T to construct the functional based on the variation principle:
Where
; Ω is the solution domain; Γ is the boundary of equation (1c-1f) ;Q is the heat flux applied on the moving boundary.
The solution domain is divided into finite control units by using triangular mesh ( 1, 2,..., ) k e k n = . For any point temperature Te in a single control unit, it is obtained from the temperature interpolation of the other three nodes of the unit by the model function.
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Where ( , ), ( , ), ( , ) In each unit k e , the differential of node temperature is:
For all the finite field, functional equation (4) 
Therefore, Simultaneous Eq. 4-7:
Where T is temperature vector, H is stiffness matrix, C is type function matrix, and P is load matrix. 
Numeral Calculations

Numerical Test Condition
In numerical test, thermal physical properties of materials is obtained from the reference [10] .as shown in Table 1 . The thickness of the original material layer and the ablative material layer are all 1cm and the width is 4cm. Where the subscript 'origin' and 'ablate' respectively means the original material and the ablative material. T ablate and H ablate respectively means the phase transition temperature and latent heat of ablation.
Results and Discussion of the Numerical Test
Based on the above control equation and numerical calculation method, the simulation model is established. The simulation time is 90s and the time interval is 0.1s. The initial temperature is 300K.
The heat flux applied on the moving boundary can be assumed as follows: Figure 5-10 shows that internal temperature of the material gradually increases as the surface heat flux increases. When the temperature of the surface is up to temperature of ablation AB T , the surface nodes begin to ablate, at the same time, it absorbs most of the latent heat.
In order to analyzed the ablation moving rate of the moving boundary, taking N=7 and divided the moving boundary into N notes. Therefore, Fig. 11 is the ablation rate of these nodes. Fig. 7 shows the heat flux applied outside the moving boundary. As can be seen from Figure 11 and Figure 12 , when the external heat flux at the moving boundary note, the time of begging ablation and ablation rate is different. At the same time, it can be seen that the time to stop the ablation of these nodes are not the same due to the decrease of heat flux outside the node.
Summary
In this paper, the numerical simulation model and calculation method of ablation heat transfer of carbonized composites were studied. We established a two-dimensional ablation heat transfer model and applied the finite element method and the moving mesh technique in numerical calculation of the temperature field. Through the above analysis and calculation, some conclusions are as follows:
(1) Taking the latent heat of ablation as the heat source of the boundary, and establish a model using finite element method with a moving boundary. What's more, the formula of the moving velocity of the ablation boundary is established according to the boundary energy balance equation.
(2) The simulation results show that both the internal temperature field and the ablation boundary shape simulation of two-dimensional ablation heat transfer model have good convergence and stability by using finite element method and moving mesh technology.
